Bifidobacteria are generally inferior compared to traditional starter lactic acid bacteria (LAB) in terms of fermentation properties. The results of this study showed that the use of a ropy EPS producing strain Bifidobacterium longum YS108R during fermentation improved the physicochemical properties of fermented milk, including decreased whey syneresis and increased water-holding capacity and apparent viscosity, however, another non-ropy EPS producing strain B. longum C11A10B did not exert such effects. Furthermore, we found that synergistically fermented milk with YS108R and commercial starter could reduce the production of acetic acid, a metabolite of bifidobacteria, and scored better in terms of sensory evaluation, especially with regards to mouthfeel texture. Comparative genomic analysis revealed a single mutation in the protein-tyrosine kinase gene of strain YS108R, which may relate to ropy phenotype. Our results indicate that ropy-EPS producing B. longum YS108R is suitable as an adjunct culture for the manufacture of novel fermented dairy products.
Introduction
Lactic acid bacteria (LAB) play a critical role in the manufacture of fermented milk, and the properties of the strains may dramatically affect the physicochemical properties and healthcare functions of the products. Traditionally, LAB used to produce fermented milk were usually Streptococcus thermophilus and species belonging to Lactobacillus (Marco et al., 2017; Shida et al., 2017) . However, increasing research and commercial interest in the potential health benefits of probiotics belonging to the genus Bifidobacterium have promoted the prevalence of milk products fermented with bifidobacteria in the last decade. Probiotic is defined as following: 'live microorganisms which when administered in adequate amounts confer a health benefit on the host' (Hill et al., 2014) . Some selected bifidobacteria fermented milk products have been reported to improve blood lipids, reduce inflammation of colitis, exert immunomodulatory effects and relieve symptoms of diarrhea and constipation (Veiga et al., 2010; de Vrese et al., 2011; Bernini et al., 2016; Meng et al., 2017; Miller et al., 2017) . Even though several bifidobacteria strains have been used in some specific dairy products, they are generally inferior compared to the traditional LAB in terms of fermentation properties. In general, they have weaker growth and acid production in dairy and need low redox potential, thus they take longer fermentation times. These adverse characteristics hinder their possible applications in fermented dairy products (Prasanna et al., 2014; Leroy & De Vuyst, 2016) .
Whey syneresis is always regarded as a defect of fermented milk products. To eliminate this problem, commercial manufacturers usually increase the level of milk solid (such as adding whey protein powder) or use stabilisers (including modified starch, pectin, agar, etc.) during the production of fermented milk (Amatayakul et al., 2006) . Polysaccharide (EPS) produced by bacteria, which could act as thickeners, gelling agents and stabilisers, have been widely used in food industry (Ryan et al., 2015) . Alternatively, EPS producing starter cultures can provide a solution that is more simple and cost effective. EPS produced by LAB can reduce whey syneresis, improve the properties of texture and rheology of fermented dairy products, and can also enhance body and mouthfeel (Folkenberg et al., 2006) . However, the properties of EPS produced by different bacterial strains are associated with monosaccharide composition, structure and molecular weight, thus EPS produced by different strains may have variable structures. Furthermore, the effects of EPS on the texture of fermented dairy products are varied depending on its properties.
Furthermore, bifidobacteria may interact with their host, and the EPS attached and surrounding the bacterial cell has been identified as an important substance that mediates the interaction (Ventura et al., 2012) . EPS production varies widely at strain level but it has been associated with bacterial tolerance to the gastrointestinal environment (especially cell-surface-bound EPS) (Yan et al., 2017) .
In this study, we selected three Bifidobacterium longum strains isolated from the healthy human gut to produce fermented milks. These included a non-ropy-EPS producing strain C11A10B, a ropy-EPS producing strain YS108R which is a spontaneous mutant of C11A10B, and a non-EPS producing strain HUB37-A12. We compared the physicochemical and sensory properties of the resulting fermented milks, and analysed the effect of EPS on whey syneresis, texture and viscosity. Furthermore, we sequenced the draft genomes of strains C11A10B and YS108R to identify the genes responsible for EPS production and to determine the genetic mechanism(s) which differentiate the ropy from non-ropy EPS phenotype.
Materials and methods
Bacterial strains, culture medium and conditions B. longum strains YS108R, C11A10B and HUB37-A12 were isolated from human gut and deposited at the Culture Collection of Food Microorganism (CCFM), School of Food Science and Technology, Jiangnan University. The ropy-EPS producing strain, YS108R, was a spontaneous mutant of the non-ropy EPS-producing strain C11A10B following consecutive inoculations for about fifty generations in MRS culture medium containing 0.05% (w/v) L-cysteine hydrochloride at 37°C in an anaerobic incubator, and the amount of inoculation was 2% each time. Strain HUB37-A12 did not produce EPS. B. animalis subsp. lactis BB12, S. thermophilus and L. delbrueckii subsp. bulgaricus were isolated from commercial fermented milk product in China (Guanyiru, Mengniu) .
Preparation of fermented milks
Skim milk (containing 11% (w/v) skim milk powder, 5% (w/v) sucrose and 0.1% (w/v) yeast extract) was pasteurised at 72°C for 30 min and cooled to lower than 40°C, then the skim milk was divided into six parts and each part was inoculated with different cultures as shown in Table 1 . Each strain was cultured in skim milk for three generations prior to use as starter culture. Each of the inoculated milks was incubated at 37°C until curd formation and then stored at 4°C for 24 h. Each fermented milk was manufactured in triplicate.
Determination of pH and acidification activity of fermented milk
The pH of fermented milk samples was measured after storage using a Mettler Toledo FE30 pH-meter. Acidification activity was determined following the method described in the Chinese Food Safety Standard (China 2010) .
Determination of whey syneresis and water-holding capacity (WHC)
Drainage method was used to determine whey syneresis as described previously with some modification (Amatayakul et al., 2006) . WHC was measured using the centrifuge method (Riener et al., 2009 ).
Analysis of instrumental texture and apparent viscosity of fermented milk
Texture profile analysis (TPA) of fermented milk was performed as described previously using a texture analyser (TA-XT plus; SMS Ltd., Surrey, UK) equipped with an AP/1.5 probe (Yang et al., 2014) . A 50 mL fermented milk sample was prepared in a 100 mL cup and the surface whey was siphoned before TPA. 
Determination of EPS in fermented milk
To determine the EPS concentration, fermented milks were centrifuged at 10 000 g for 15 min, 4°C, and the supernatants were used to isolate and determine EPS concentrations as the method described previously (Tallon et al., 2003) . EPS concentration was expressed as mg L À1 .
Determination of acetic and lactic acid in fermented milk
Determination of acetic and lactic acid was performed according to Wang et al. using an Agilent1200 HPLC system equipped with an ODS HYPERSIL column (250 9 4.6 mm, 5 lm) .
Electronic nose analysis
An iNose102 electronic nose system (Isenso, Shanghai, China) was used to detect the aroma substances in fermented milk samples according to the method described previously (Cao et al., 2017) . Linear discriminant analysis (LDA) was used to build a classification model of these fermented milk samples (Cosio et al., 2007) .
Sensory evaluation
Hedonic test of these fermented milks was performed after samples were refrigerated for 24 h. The taste panel consisted of ten assessors (22-30 years old, half female and half male). Sensory evaluation consists of overall appearance, aroma, mouthfeel texture, taste and overall acceptability of each sample, and the scores were evaluated based on a hedonic scale of 1-10 (Batista et al., 2017; Aguiar et al., 2018).
Genome sequencing, assembly and annotation DNA was extracted using a bacterial DNA extraction kit (OMEGA, UBA) following the method in manufacturer's instruction. A total amount of 700 ng bacteria genomic DNA was used to generate sequencing libraries using a NEB Next Ò Ultra DNA Library Prep Kit (NEB, Ipswich, MA, USA) according to the instructions from the manufacturer and index code were added to attribute sequences. The index-coded samples were clustered using HiSeq 4000 PE Cluster Kit (Illumina, San Diego, CA, USA) with a cBot Cluster Generation System. After clustering, sequencing of the library preparation was performed on an Illumina Hiseq 4000 platform and 150 bp paired-end reads were generated. The paired-end reads were assembled using SOAPdenovo2, and the inner gaps were then filled using the software GapCloser. Open Reading Frame (ORF) was predicted using the software glimmer3.02, and the functional annotation of predicted genes was performed using BLASTX v2.2.26 by alignment against the nr database. The genome sequences of B. longum YS108R and C11A10B have been deposited at GenBank (accession numbers: CP029796 and QKOJ00000000).
Transmission electron microscopy B. longum YS108R MRS broth culture was treated with glutaraldehyde at 4°C for 0.5 h and centrifuged at 6000 g for 5 min, the collected bacteria cells were treated as the method described previously and photographed with a Hitachi-H 7000 transmission electron microscope (Tokyo, Japan) (Tong et al., 2017) .
Statistical analysis
Statistical analysis of the data in this experiment was conducted with SPSS 20.0 (SPSS Inc, Chicago, IL, USA) and origin 8.5 software. The results were expressed as the mean value AE standard deviation (SD). Tukey's test of one-way analysis of variance (ANOVA) was used to determine the significant differences among groups. Significant differences were defined as P < 0.05.
Results and discussion
Curd time, pH and acidification activity of different fermented milk samples
The curd times of bifidobacteria fermented milks were longer than that of S. thermophilus and L. delbrueckii subsp. bulgaricus fermented milk (FM1) and synergistically fermented milks (FM6 and FM7) ( Table 2) : this may be due to the slower growth rate of Bifidobacterium in milk. However, at the end of fermentation, the pH and acidification activities of YS108R, C11A10B and HUB37-A12 fermented milks (FM2, FM3 and FM4, respectively) were close to those of FM1 and synergistically fermented milks, which indicated that prolonged fermentation time could increase the formation of acid.
Effect of ropy EPS producing strain on whey syneresis and water-holding capacity (WHC) of fermented milk
The whey syneresis of the fermented milks produced with different strains that differed in terms of their EPS production was analysed. The results showed that YS108R fermented milk (FM2) had the lowest level of whey syneresis and highest level of WHC, and FM4, FM5 and FM1 had the highest levels of whey syneresis which coincided with their lower EPS contents (Fig. 1) . Interestingly, FM3 which was fermented with C11A10B had almost the same EPS concentration of the YS108R-fermented sample, but it had significantly higher whey syneresis level and lower WHC (P < 0.001). The data showed no significant correlation between EPS concentration and level of whey syneresis or WHC, which suggested that the effect of EPS may be related to the physical and chemical properties of the EPS which are determined by molecular mass and subunit structure, in addition to the interaction between EPS and milk protein. It has been reported that Pleurotus eryngii polysaccharides could accelerate spontaneous whey separation of fermented milk, which could be as a result of the protein aggregation and decreased casein in milk led by the addition of P. eryngii polysaccharides (Li & Shah, 2015) . In our study, the different effects of YS108R and C11A10B may be due to the individual properties of the EPS produced by each strain, which may interact with milk protein in a different manner and then affects the gel structure. There was no correlation between pH and whey syneresis or WHC was observed.
In FM4 and FM1, the EPS concentrations were lower than other samples including unfermented milk, these results may be due to the utilisation of milk oligosaccharides by these strains (Zivkovic & Barile, 2011; Thongaram et al., 2017) .
Texture profile of different fermented milk samples TPA parameters were used to present texture properties of different fermented milk samples. Hardness and gumminess are commonly assessed to evaluate texture properties of fermented milk ( Fig. 2a and b) (Kumar & Mishra, 2003; Li & Shah, 2015) . The hardness of synergistically fermented milk FM6 and FM7 were maximum, and amongst bifidobacteria fermented milk samples, the hardness of FM2, FM3 and FM4 were higher when compared to FM5. Overall, the results of hardness were consistent with the parameters of pH and acidification activity, and there was significant correlation between hardness and acidification activity (P < 0.05, Pearson correlation coefficients was 0.871). Gel formation is one of the main texture properties of yogurt, and it is crucial for the manufacture of fermented dairy products. The formation of the gel structure is due to casein aggregation as a result of decreasing pH and disulfide bonding between j-casein, as well as denaturing of whey protein. However, other factors, such as base composition in the dairy ingredient, fermentation process and starter culture, can also affect the formation of the gel structure. In our results, the acidification activity of FM1 was significantly higher than that of FM2, but the hardness of FM2 was higher than FM1. This may due to interaction between the ropy EPS produced by YS108R with the milk protein which affected the property of the gel structure in fermented milk. With specific content of EPS in the fermented milk, the interaction between proteins and EPS could improve the hardness of yoghurt (Yang et al., 2014) . EPSs with high molecular mass have the abilities to reduce syneresis (in terms of water binding) and enhance the hardness of the casein network by interacting with other substances in milk (Duboc & Mollet, 2001; Hassan, 2008) . There was no significant difference between the gumminess of bifidobacteria fermented milk samples, while FM6 and FM7 had the maximum gumminess (Fig. 2b) . The results suggest that EPS produced by the strains in our study could not affect gumminess of fermented milk directly, which has also been reported for other polysaccharides applied to fermented milk (Li & Shah, 2015) .
The values for apparent viscosity of FM2 and FM6 were higher than that of other samples presented in Fig. 2c . This result indicates that ropy EPS produced by YS108R could improve the apparent viscosity of fermented milk products. However, the other nonropy-EPS producing strain C11A10B did not affect the apparent viscosity of fermented milk significantly. Furthermore, we found that viscosity was significantly correlated with whey syneresis and WHC.
Acetic and lactic acid component and electronic nose analysis
S. thermophilus and L. delbrueckii subsp. bulgaricus are traditional starter cultures used in yogurt production, and there is a symbiotic relationship between these two strains. For example, L. delbrueckii subsp. bulgaricus has better proteolytic activity and could provide peptide for S. thermophiles, and Different letters in each column indicate significant difference (P < 0.05) amongst groups. Data are expressed as the mean AE SD (n = 3).
S. thermophiles produces folic acid which could promote the growth of L. delbrueckii subsp. bulgaricus. S. thermophilus and L. delbrueckii subsp. bulgaricus are both homolactic bacteria, which utilise milk lactose with lactic acid as the main metabolite as well as some alternative products, such as acetaldehyde, ethanol and acetoin, and these products are important flavour compounds in yorgurt (Ganzle, 2015 ; Aryana & Olson, 2017). Bifidobacteria metabolise hexoses by a specific 'bifidus pathway' which forms acetic and lactic acid (3:2 molar ratio) (Parte et al., 2012) . Thus bifidobacteria may influence the flavour of fermented milk products. In order to analyse the effect of bifidobacteria on acid composition and flavour, we determined the concentrations of acetic and lactic acid in the fermented milk samples and detected the flavour of these samples using electronic nose.
Acetic and lactic acid component
The results showed that the concentration of acetic acid in samples fermented with bifidobacteria were significantly higher than normal fermented milk (FM1) (Fig. 3b) , which was similar to a study focused on volatile profile of non-fermented milk and milk fermented by B. animalis subsp. lactis BB12, which showed that volatile compounds in BB12 fermented milk were different from BB12-supplemented non-fermented milk, characterised by remarkably increased acetic acid (Zareba et al., 2012) . So acetic acid may be the important metabolite that affects the flavour of bifidobacteria fermented milk. However, synergistically fermentation could reduce the ratio of acetic acid/lactic acid (FM6 and FM7), this may relate to the shortened fermentation time which reduced the production of acetic acid by bifidobacteria strains.
Electronic nose analysis
The results of electronic nose analysis suggested no significant difference among these samples (data not shown), but the result of LDA analysis (Fig. 3a) showed that the flavour of samples fermented with single bifidobacteria (FM2-FM5) were different from FM1, and the synergistically fermented samples (FM6 and FM7) were more similar to the FM1, which was coincident with the result of acetic and lactic acid component.
Sensory evaluation
Traditional starter cultures used to produce fermented milks generally consist of S. thermophilus and L. delbrueckii subsp. bulgaricus, which can acidify and induce gel formation of the milk and produce flavour compounds characteristic of yogurt flavour. In order to evaluate the sensory effect of bifidobacteria on fermented milk, we performed a hedonic test with the fermented milk samples (Table 3) . FM1, FM2, FM6 and FM7 received higher scores on overall appearance than FM3, FM4 and FM5; this was mostly related to the severe whey syneresis of the latter three samples. Although not significant, samples fermented with single Bifidobacterium strains (FM2-FM5) received lower scores for aroma than FM1 and synergistically fermented samples (FM6 and FM7) . The high ratio of acetic acid observed in fermented milks produced exclusively with bifidobacteria may affect the aroma, while the addition of standard culture (S. thermophilus and L. delbrueckii subsp. bulgaricus) could reduce the impact, which was also indicated by the profile of acetic and lactic acid. FM6 had the highest score for mouthfeel texture and was described as smooth and delicate. In contrast, FM3, FM4 and FM5 were described as thin and 'insipid' by most of the assessors, and FM4 was described as being granular. The mouthfeel of FM2 was not as good as FM6, because it was described as a somewhat too viscous. The scores for taste of FM3 and FM4 were significantly lower than the others, which was associated with the astringency of the former two samples. As to overall acceptability, FM6 received the highest score and FM4 received the lowest score. Even though the production of acetic acid by bifidobacteria could influence the acceptance by consumers, improved fermentation process may diminish the effect, furthermore, bifidobacteria could contribute to the formation of acetaldehyde and acetoin, which is an important flavour compound in fermented milk (Zareba et al., 2012; Chen et al., 2017) . Taking these into account, the ropy-EPS producing strain YS108R could be a potential starter synergistically used with standard yogurt bacteria and improve the sensory characteristics of fermented milk. Different letters in each column indicate significant difference (P < 0.05) amongst groups. Data are expressed as the mean AE SD (n = 10). 
Genetic analysis of EPS cluster in Bifidobacterium longum YS108R
To explore the mechanism responsible for the different EPS-producing phenotypes of B. longum strains in this study, we performed draft genome sequencing of the strains and predicted the composition of the EPS gene cluster in genomes of YS108R and C11A10B (Fig. 4a) . Amongst the genes in the EPS cluster, a single transversion of T to G in the gene coding protein-tyrosine kinase in YS108R at position 775 was found, which resulted in a codon change. Consequently, phenylalanine (in C11A10B) was replaced by valine at position 259 of the protein in YS108R. No other mutation was identified in the remaining genes involved in EPS synthesis. Therefore, the mutation in protein-tyrosine kinase could be responsible for the ropy phenotype of YS108R. A sequence alignment of nine partial amino acid sequences of protein-tyrosine kinase proteins from B. longum strains in this study and sequences obtained from Genbank is shown in Fig. 4b . Apart from the sequence from YS108R, the remaining eight harbour phenylalanine at position 259. This suggests that the transition from phenylalanine to valine could change the enzymatic properties of protein-tyrosine kinase in YS108R. It has been reported that mutations in epsC (a gene which is predicted to be involved in the biosynthesis of capsular EPS in L. johnsonii) result in increased EPS production and the appearance of a variant with a smooth colony (Horn et al., 2013) . A mutation in the gene predicted to encode Etk-like tyrosine kinase in a B. animalis subsp. lactis strain was reported to cause the synthesis of EPS with higher molecular weight and the appearance of a mucoid phenotype (Hidalgo-Cantabrana et al., 2015) . In this study, the mutant protein in YS108R was homologous to Etk-like tyrosine kinases which is predicted to have a large soluble domain and is theoretically responsible for the determination of chain length of saccharide polymer (Woodward et al., 2010) . Thus, we postulate that the mutant protein-tyrosine kinase in YS108R resulted in the synthesis of EPS with macromolecular structure and ropy phenotype.
Conclusion
It is well know that specific bifidobacteria strains have health promoting effect, but most bifidobacteria strains are not suitable for using as fermentation starter. In this study, we prepared fermented milk with several B. longum strains that produced EPS with different properties or did not produce EPS. The results showed that strain YS108R which produced ropy EPS could improve the physicochemical properties of fermented milk, including decreased whey syneresis and increased WHC and apparent viscosity, however, the other nonropy-EPS producing strain C11A10B did not exert such effects. Generally, acetic acid produced by bifidobacteria may negatively impact the sensory properties of the product, but the results of this study show that the flavour of bifidobacteria fermented milk was acceptable and the fermented milk synergistically prepared with YS108R and commercial starter was similar to that of commercial starter fermented milk. Furthermore, the synergistically fermented milk with YS108R scored better in terms of sensory evaluation, especially with regards to mouthfeel texture. Finally, we identified the genes responsible for EPS production in the non-ropy-EPS producing strain C11A10B and its mutant derivative YS108R which produces ropy EPS. We conclude that a single mutation in proteintyrosine kinase, which is a chain length determinant of EPS synthesis, could be responsible for the ropy phenotype of YS108R. These finding may provide molecular basis for screening or breeding expected strains. In summary, specific EPS producing bifidobacteria could improve the quality of fermented milk products, including physicochemical properties as well as endowing products with health benefits. In this study, our results indicate that ropy-EPS producing B. longum YS108R could be a suitable strain for the manufacture of novel fermented dairy products.
